Calculation of the effective spring constant of a set of springs

Set of springs in parallel
In our origami structure, the hairpin motifs are identical, tethered to the central seam and aligned in parallel. We idealized the unfolding process of a single hairpin motif to the extension of a spring, with elastic constant k. Thus, considering two springs in parallel (as represented in Fig. S2 ), the displacement Δx will be the same for both and thus the resulting total force (F par ) can be calculated from the spring constant of the first (k 1 ) and second (k 2 ) spring as follows:
Eq. 1
In general, the global action of n springs in parallel may be regarded as equivalent to the action exerted by a single spring with an additive spring constant. 
Set of springs in series
Consider two springs in series, which can have distinct spring constants, say k 1 and k 2 (Fig.   S3 ). We now apply a common force F, which will result into two distinct displacements, namely Δx 1 for the first spring and Δx 2 for the second spring. As the force is the same for both springs, the following expression is valid:
Eq. 5 from which one can calculate how the effective spring constant is related to the spring constants of the single elements (in series):
Eq. 6
If we now consider to have n pairs of springs in parallel, the total spring constant will be related to the spring constants of the two elements by the following relation:
Eq. 7
In case the two springs are identical, with spring constant k, the expression above becomes:
Eq . 8 This means that a system with two identical and parallel sets of hairpin motifs, connected one another in series, is equivalent to a system with one single set of hairpins in parallel having half spring constant (Fig. S4 ).
Δx tot = Δx 1 + Δx 2 F ser = k 1 × Δx 1 = k 2 × Δx 2 = k ser × Δx tot
Application of the Worm-Like Chain (WLC) model
We treated the tethered DNA hairpin motif as a semi-rigid chain and applied the WLC approximation to calculate the entropic forces acting at the 5'-and 3'-extremities of the molecule, in both the closed (compact) state and the extended single-stranded form. This model is typically used to describe the statistical conformational properties of polymer chains in the long length regime: i.e. for L C >> L P (where L C is the contour length and L P is the persistence length of the molecule). In some cases, however, the WLC approximation has been successfully applied to depict the energy landscape of relatively short hairpin molecules (till about 5 to 6 bp stem). 2 In our system, the end-to-end distance of the compact hairpin (R cl ) is approximately equal to the diameter of the double helical stem region (2 nm), whereas the fully extended duplex form reaches an end-to-end distance (R op ) of about 5.1 nm (due to formation of a 15
bp duplex segment with a helical rise of 0.34 nm/bp). We here assume that the end-to-end distance of the single-stranded form in our constructs is equal to R op .
Thus, considering a persistence length for single-stranded DNA of 1.5 nm and a helical rise for ssDNA of 0.65 nm/base, 3 one can calculate the entropic force experienced at the ends of the hairpin "spring" in both the closed (F spring,cl ) and extended (F spring,op ) form, applying Eq. 9 below
where k B T is 4.1 pN nm and the contour length L C of the 21 bases-long hairpin motif is 13.6
nm. The force contribution given by the unpaired M13mp18 scaffold segments on top (140 bases) and bottom (141 bases) of the DNA origami structure can be also calculated. In total, the force experienced at the ends of a single hairpin tethered to our DNA origami structure in 0.8 pN, in its closed configuration and 1. 
S6
The free energy stored in the entropic spring 2 in both states can be derived by integrating the force function of Eq. 9 from 0 to R (with R = R cl or R op ), according to Eq. 10:
Substituting with the parameters of our system and numerically solving, this leads to a We noticed that varying the "weight" of the scaffold contribution or other geometric parameters of our system leads to maximal deviations of ca. 13%, which are still fully acceptable. In addition, one should point out that the hybrid model proposed finds its better application for a fully tethered system, like for example the I/5 construct. Reducing the degree of tethering, that is, reducing the number of hairpins connected together and/or the structural rigidity of the surrounding microenvironment, compromises the reliable application of the WLC contribution due to a less defined end-to-end distance in the initial and final state of the molecules.
Alternative elastic model: the Freely Jointed Chain (FJC) model
In the freely jointed model, the polymer-like molecule is treated as a semi-flexible chain constituted by identical small segments jointed together by flexible hinges. In some cases, this model has been found more reliable for the description of the elastic properties of single-stranded DNA chains. 4, 5 We therefore tested whether application of the FJC model would lead to similar conclusions as the WLC model. In the FJC model the entropic force at the ends of the chain and the corresponding energy stored are described by the following equations:
Substituting with the parameters described above for our system, we obtained a final elastic contribution (ΔG spring ) of 10.5 kcal mol -1 for 17 identical hairpins in parallel, leading to a total ΔG teth of 17.4 kcal mol -1, which deviates only 10% from the experimentally observed value (19.5 kcal mol -1 ). Also in this case, varying the contribution from the scaffold leads to maximal deviations of ca. 10-15%, which is still acceptable for approximated models.
Altogether, these theoretical considerations suggest that the elastic contribution from the entropic conformational energy of the tethered hairpins may indeed account for the increased unfolding energy observed.
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Design of the tethered hairpin motifs
Two-dimensional DNA origami structures were designed as previously reported. 6 All constructs analyzed are reported in Fig The efficiency of device operation has been evaluated in both cases, imaging the biotin/streptavidin modified constructs with AFM ( Fig. S17) . The results showed better performance for segment B, which was then used for designing the seam of construct III ( Fig.   S10 and S11).
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Temperature-dependent FRET spectroscopy
In the following we describe the procedure adopted for the thermal analysis of the device in its closed state, assuming that the thermal denaturation of the structure follows a two-state model (applied only in case the transition is cooperative and reversible). The folded fraction of the closed form θ cl is related to the equilibrium constant of the closed state K eq, cl by the following formula:
Eq. 13
The folded fraction is proportional to the FRET efficiency (E), which has been calculated by the donor-quenching method according to:
Eq. 14 where I DA and I D correspond, respectively, to the fluorescence emission intensity of the donor (in our case, fluorescein) in presence and in absence of the acceptor.
Applying the van't Hoff equation to a restricted interval of temperatures near the melting temperature, the thermodynamic parameters of the transition can be extracted as follows:
Eq. 15
The enthalpy and entropy change of the thermal transition for the closed state can be extracted, respectively, from the slope and intercept of the linear plot of the ln K eq,cl versus 1/T. Applying the same procedure to the open state and considering that the unfolded state is independent on the initial form of the system, being this either closed or open, one can in principle obtain the thermodynamic parameters associated to the structural reconfiguration
of the system (as described in the main text). A complete list of the data obtained by FRET thermal analysis is given in Table S1 and S2.
Note: A remarkable point concerns the trend observed for the melting temperatures.
Although leading to similar conclusions as for the free energy changes, the variations in the T m values were generally less pronounced (cfr. grey and black bars in Fig. 4a and b of the main text). In particular, one can note that structural differences located far away from the FRET labels were more easily revealed by variations in the ΔG (and ΔH) values (main text, Fig.   4a and b, grey bars; see also Tables S1 and S2). We explain this effect considering that the ΔH value of a thermal transition is derived by application of the van't Hoff equation to a restricted interval of temperatures near the T m and is basically related to the slope of the melting/cooling profile in that region. Thus, whereas the melting temperature keeps mostly unaltered by the slope of the curve, this latter might be more sensitive to small variations in the structural properties of the sample (even at distant sites from the fluorescent labels), eventually yielding to distinct values of enthalpy and free energy change. Within the experimental errors, similar conclusions can be drawn by analysis of the FRET melting (rather than cooling) profiles of the closed forms (Table S2 ).
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Temperature dependent UV spectroscopy
The assembly/disassembly of 40 µL of sample I/5 (2.5 nM scaffold, 12 nM staple strands and 5 nM dye modified strands) was monitored following the absorbance at 260 nm and varying the temperature from 80°C to 20°C, at a rate of ±0.1 °C/min, using an UV-Vis spectrophotometer (Cary 300 BIO UV-Visible Spectrophotometer, Varian Inc.). A quartz UV microcuvette (#6610024200, Agilent Technologies, 40 µL, 1 cm) was used at this purpose.
Three independent runs were performed (one representative is shown in Fig. S13 ). The fit has been calculated applying a sigmoidal Boltzmann equation as provided by the Origin v.7 software (MicroCal). (hybridization between two different strands; 50 nM strand concentration at 25 °C, 10 mM sodium and 10.5 mM magnesium ions). From these theoretical values, the calculated transition energy is -14.6 kcal mol -1 , which well agrees with the expected theoretical value of -12.0 kcal mol -1 . The discrepancy is probably attributed to different Na concentrations used for calculation of the NN values, which cannot be always corrected. This indicates that the simplified scenario described above can be reliably applied to analyze the structural reconfiguration of the small hairpin motif in bulk solution. S9 . Design of the hairpin motifs for construct II. The sequences of the hairpins and corresponding fuel strands are as previously reported. 6 The double helical segment connecting the two hairpins has been designed using the NUPACK package (see section 4 above). Two possible sequences have been selected: segment A (a) and segment B (b). Segment B gave the best results of device performance (Fig. S17) , therefore it was chosen for the construct III ( Fig. S10 and S11) . Correspondingly, toehold appended fuels have been designed to hybridize to the hairpins, and be displaced from them, in an orthogonal fashion. Thus, the two motifs can be switched independently, allowing for the whole system to achieve four distinct states. Hairpin 1 and 2 have been then unified in a single sequence, using segment B as linker (Fig. S11) .
Fig. S11.
Design of the seam sequences of construct III (a): these are two different hairpin motifs that can be actuated by two distinct fuels/antifuels strands, thus allowing independent cycles of extension/contraction movements. In (b) are the models generated by the NUPACK software. The values of free energy change at 25°C indicate that the motifs are stable at room temperature and that their thermal stability is approximately equal. //cando-dna-origami.org) and map the structural flexibility of the molecule in color code using standard geometric parameters of the DNA helical structure. 10 The geometric flexibility of the structure is expressed as rmsf (root mean square flexibility), from a minimal (blue) to a maximal relative value (red). The seam in (b) was modified with 21 bases-long single-stranded DNA segments, to emulate the presence of hairpins. The results indicate that although the two structures have different global flexibilities, these are symmetrically distributed around the seam in both cases. That is, the disparity in the thermal stability observed between the upper and lower region of the DNA origami structure cannot be attributed to distinct geometric environments, rather appears to be dependent from differences in base content.
Fig. S13.
Representative cooling (blue) and melting (red) profile of the I/5 sample monitored by UV spectroscopy. The hysteresis of the process indicates the (global) non-reversibility of the thermal transition. This is quite expected, as DNA origami structures display sequencedependent regions of different thermal stability.
Fig. S14.
Normalized FRET cooling (blue curves) and melting (red curves) profiles obtained for constructs I/9 (a) and I/18 (b). In both cases, the curves are not suitable for application of the van´t Hoff analysis as they present either thermal hysteresis (a) or a monotonic transition (b). In these constructs, the fluorescent labels were positioned respectively on the inner or outer edges of the structures, thus providing only a limited anchoring surface and preventing the clear manifestation and/or visualization of the scaffolding effect. . Clearly, tethering of the motif to the origami structure allows for the thermal transition to be visible (around 53 °C), indicating that tight anchoring to a large and compact structure provides sufficient rigidity to keep the distance between the fluorescent labels well defined. This is indeed not verified for the same motif free in solution. Although the measured value of thermal stability of the fully tethered hairpin is about only three-fold higher than the expected value for the same motor freely moving in solution, these data demonstrate that such a small difference is indeed sufficient for visualization of the process even at nanomolar concentrations. The results indicate that increasing fuel concentration, both the free energy change of duplex denaturation and the melting temperature decrease. This implies that the enhanced thermal stability observed by tethering multiple motifs in parallel cannot be attributed to an increased local concentration of fuel molecules in the direct proximity of the duplexes. The whole energy landscape of the system reveals to be rather complex and dependent from many experimental and design parameters. Nevertheless, the general trend observed for both the closed (hairpin) constructs and the open (duplex) constructs holds true: that is, the higher the degree of hairpin tethering, the higher its thermal stability.
Fig. S17
. AFM-based statistical analysis of the efficiency of the opening and reclosing process for construct II, containing either segment A (black bars) or segment B (grey bars) as bridge between the two consecutive and identical hairpin motifs. Although the reclosing process is almost quantitative for both designs, the opening process was much more efficient for design B. This was then used to design construct III. LG38,148P CCAACCTATTTCCCCCTTTTTGGGGGTTTACCATCGATAGCAGCAAAACGTCA 6
LG58,148P TTCATTACTTTCCCCCTTTTTGGGGGTTTAAACGTAGAAAATACATACGCAGT 8
LG78,148P CGCCAAAATTTCCCCCTTTTTGGGGGTTTAAAAACAGGGAAGCGCACAGAGAG
